bilayer and trilayer ͑111͒ films grown on Si͑111͒ and Si͑100͒ substrates exhibit a spiral grain topography that, as determined by scanning tunneling spectroscopy, yields a high density of conduction-electron surface states on the flat areas of these grains. This results in strong spatial variations in the ballistic-electron-emission microscopy ͑BEEM͒ current due to differences in the proportion of electrons which tunnel into bulk as opposed to surface states. This enables BEEM imaging of variations in the density of unoccupied surface states and the examination of the effect of incomplete coverages of adatoms in coupling such surface states to the bulk.
In recent years the two-dimensional, conduction-electron surface states that form on the close-packed faces of the noble metals have received renewed and widespread attention ͓see, e.g. Refs. 1-13͔. These surface states arise from the lack of propagating bulk states at and about the Fermi surface of these metals in a cone centered on the ͑111͒ direction. The interest in these states is due in part to the roles they can play in surface phenomena and thin-film growth, 2, 3 but also because of the ability of the scanning tunneling microscope ͑STM͒ to locally image and study these states with high precision. [4] [5] [6] [7] [8] [9] [10] With the STM spectacular images have been obtained of confinement of surface states by ''quantum corrals'' of individually placed atoms, 6, 8 and by the formation of small mesas or terraces on the surface of a properly oriented metal crystal. 7, 9, 10 Here we present results from a different scan probe method used in the investigation of surface states on thinfilm noble metal ͑111͒ surfaces; ballistic electron emission microscopy ͑BEEM͒. 14, 15 In BEEM those energetic electrons are measured which are tunnel injected by an STM tip onto a metal surface, and hence travel, without undergoing inelastic scattering, to and through a buried Schottky barrier interface. Since surface states are strictly orthogonal to the bulk electronic states of a metal, at least in the ideal case of a clean and atomically flat metal ͑111͒ surface, electrons which tunnel into surface states will not contribute to the BEEM current. As we show below, this can provide a new means of directly imaging the spatial variation of unoccupied surface states on a thin film. It also provides a unique method for assessing the coupling generated between surface and bulk states by submonolayer coverages of adatoms.
The metal film samples in this study were grown in ultrahigh-vacuum ͑UHV͒ on hydrogen-passivated Si͑111͒ and Si͑100͒ substrates and studied in an attached, roomtemperature UHV/STM/BEEM system. In all cases a thin Au film, typically 10 nm thick, was first deposited onto these surfaces by thermal evaporation, forming a high quality Au-Si Schottky diode. X-ray measurements, which have been reported elsewhere, 16 show these Au films to be polycrystalline, but with the grains highly oriented such that their ͑111͒ crystal axes are normal to the substrate. All imaging was performed with etched polycrystalline tungsten tips having undergone in situ oxide removal and sharpening. 17 Most of the samples discussed here are bilayer samples produced by depositing a second ͑Cu or Ag͒ thin-film overlayer, typically 3 to 10 nm thick, immediately following the initial deposition of the 10 nm Au ͑111͒ layer. X-ray 2-⌰ diffraction measurements show that this overlayer is completely ͑111͒ oriented by the underlying Au, with its lattice constant being that expected for the bulk material and its in-plane alignment directly following that of the Au film. As illustrated in Fig. 1 , STM measurements show that this deposition step results in the formation of a surface consisting of terraced grains characteristic of a spiral growth mechanism. 18 This spiral growth mode can be attributed to the preferential Cu ͑or Ag͒ atom deposition at the step edges of the Au film due to the lattice mismatch between Cu ͑Ag͒ and Au. Often the top mesa surface of the grain is transected by an atomic step, as indicated by arrows in Fig. 1 the end of the screw dislocation that is the origin of the spiral form of the grain shown, e.g., in Fig. 1͑b͒ . Surrounding the grains, which are typically 10 nm or so in extent, or each small cluster of such grains, is an ϳ0.4 nm or deeper ''trench'' between it and its neighbors. For some samples, an additional Au overlayer 3-10 nm thick was subsequently deposited onto the Cu surface. This results in a Au surface with a topography very similar to that of the underlying Cu surface. All depositions were done in a pressure of Ͻ2 ϫ10 Ϫ10 Torr. STM current-voltage (I-V) measurements taken at various locations on the mesas and terraces of the samples invariably indicated the presence of the two-dimensional conduction-electron surface states, as seen previously in STM experiments on bulk single-crystal and epitaxial thinfilm Cu, Ag and Au ͑111͒ surfaces. [2] [3] [4] [5] [6] [7] [8] [9] [10] The noble-metal surface states have been measured by photoemission to have their band minima at 0.41, 0.39, and 0.12 eV below the Fermi level, for Au, Cu, and Ag, respectively. 1 In Fig. 2 we show dI/dV vs V measurements, which are roughly proportional to the local density of states on the surface of the metal, [6] [7] [8] [9] as made near the center of Ͼ10 nm diameter mesas of a Au/Cu/Au/Si sample and a Cu/Au/Si sample, and at the center of an ϳ3 nm diameter mesa on a Ag/Au/Si sample.
There are strong, albeit thermally rounded, peaks in dI/dV, indicative of the onset of tunneling from the surface states as the tip bias sweeps through the minimum of their respective conduction bands. For the Au surface the peak is at ϳϩ0.45 V ͑referenced to the tip bias͒, for Cu the peak is at ϳϩ0.4 V, and at approximately 0 V for Ag. The shifted Ag result is due to quantum confinement effects on this comparatively small mesa. 10 In accord with previous studies we also found that dI/dV measurements made at step edges and grain boundaries, also illustrated in Fig. 2 , showed only a very small surface state signal or none at all, particularly in the latter case. Thus we conclude that the spiral-grain, terraced topography of these Cu/Au, Ag/Au, and Au/Cu/Au thin-film multilayers is very favorable for the formation of surface states on these terraces.
In BEEM imaging, the STM tip is scanned across a sample surface while maintaining a constant tunneling current I t , generally 1-2 nA, and with a fixed tip bias which is set Ϫ1.0 to Ϫ1.3 V in our experiments, above the Schottky barrier height of the interface. Figure 1͑c͒ is a map of the BEEM current I c obtained while also obtaining the topographical image of Fig. 1͑b͒, while Fig. 1͑d͒ is the BEEM FIG. 1. STM surface topography and BEEM images of a Cu͑2 nm͒/Au͑10 nm͒/Si͑111͒ sample obtained at V t ϭϪ1.1 V and I t ϭ1 nA. ͑a͒ the STM surface height of a 100 nmϫ50 nm area of the Cu surface ͑2.5 nm white to black.͒ ͑b͒ an expanded image of the grain outlined in ͑a͒. ͑c͒ and ͑d͒ are the corresponding maps of the BEEM current I c for ͑b͒ and ͑a͒ respectively. The mean current over the BEEM image is 7.3 pA, which has been subtracted from the image to enhance the contrast. The variation from white ͑high͒ to black ͑low͒ is 6 pA. The arrows indicate locations of terminating surface steps in the spiral grains.
FIG. 2.
͑a͒ dI/dV spectra taken with the STM tip above grain boundaries on the surface of Au/Cu/Au/Si, Cu/Au/Si, and Ag/Au/Si samples. ͑b͒ dI/dV spectra taken above the center of mesas on the same surfaces. The spectra are obtained by averaging 100 I-V's taken at the same location. In the case of the Au and Cu surfaces the mesa diameter was ϳ10 nm, for Ag ϳ3 nm.
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PRB 61 BRIEF REPORTS image of the Cu/Au/Si͑111͒ surface shown in Fig. 1͑a͒ . There are very strong BEEM variations in the image, with I c varying by nearly a factor of 2. With one exception discussed below, the regions of high BEEM current are completely correlated with regions where the surface topography changes rapidly, i.e., at steps and grain boundaries.
In Fig. 3 we show the topographical image for a Au/Cu/ Au/Si͑100͒ sample, together with the simultaneously obtained BEEM image. Again the BEEM image shows very strong variations in I c as the tip scans from the mesa top of a grain, across the spiral steps and across its surrounding grain boundary. We note that similar results are obtained with Ag/Au bilayer samples, and, as illustrated by Figs. 1  and 3 , the choice of a Si͑100͒ or Si͑111͒ substrate has no substantial effect on this BEEM behavior. Extensive investigation has also ruled out standard scan probe experimental artifacts as the explanation for this contrast.
We conclude that this strong BEEM contrast is the direct consequence of the band structure of these ͑111͒ oriented UHV-grown films, and the resultant formation of a high density of surface states on the flat areas of their surfaces. When the tip is positioned above a flat area, as much as half of the tunnel current is injected into the surface states as compared to when the tip is above a step or grain boundary. The enhanced I c at steps and grain boundaries is then due to the reduced density of surface states at these locations. For those electrons that tunnel into bulk states, the metal band structure acts to channel their paths into favorable off-normal directions as they proprogate further into the metal film. 19 This facilitates the interface transmission for both the Si͑111͒ and Si͑100͒ substrates, and thus explains the similarity of the results for the two Si orientations. 16 BEEM contrast correlated with surface structure has been previously observed, but typically of smaller amplitude. 15 In the case of epitaxial silicide layers on Si͑111͒ substrates, this contrast is due to surface structure or defects imparting transverse momentum to the ballistic electrons, which can enhance the interface transmission due to the conduction band offset of Si͑111͒. 20 With polycrystalline metal films on GaP͑110͒ substrates the BEEM current was attenuated at grain boundaries, which was attributed to elastic scattering decreasing the transmission rate into that conduction-bandcentered substrate. 21 In those cases the metal band structure did not forbid electron transport normal to the substrate and thus there was no involvement of surface states. Finally, we note that BEEM contrast effects have generally not been seen previously for Au on Si, possibly due to the morphology or orientation of the Au grains in those studies. 4 . ͑a͒ STM surface topography ͑2.5 nm white to black͒, and ͑b͒ BEEM image of a 50 nmϫ50 nm Co͑0.30 nm͒/Cu͑3 nm͒/ Au͑10 nm͒/Si͑111͒ sample. V t ϭϪ1.1 V and I t ϭ2.0 nA. The mean current over the BEEM image is 4.7 pA and the variation from white ͑high͒ to black ͑low͒ is 7 pA. The Co layer does not fully cover the surface, leaving small enclosed areas of Cu mesas exposed, such as indicated by the arrows in ͑a͒. Due to the strong BEEM attenuation of the Co layer the Cu surfaces are now relatively ''bright'' in the BEEM image. ͑c͒ dI/dV spectra as taken with the STM tip above an enclosed Cu surface, which shows the surface state signal, shifted due to quantum confinement by the encroaching Co; above a Co coated region; and above a different Cu surface with no Co deposit.
PRB 61 7163 BRIEF REPORTS standing wave pattern in the local density of surface states due to the reflection of surface electrons from the repulsive barrier that arises at the mesa edge. [6] [7] [8] [9] This reflection results in the surface state density r s varying as r s (E,x)ϳ1 ϪJ 0 (2kx) where J 0 is the first-order Bessel function, k the surface electron wave vector and x the distance from the potential barrier. 6, 7 The second minimum in r s should then occur at 2kxϭ7, or xϷ1 nm since the wavelength of the Au surface state at 1.1 eV above the Fermi energy is approximately 1.8 nm, using photoemission results for the effective mass of the surface electrons.
1 This is in accord with the ϳ1 nm separation between the onset of the high BEEM current at the edge of the mesas and the position of the peak of the BEEM echoes. We also note that these BEEM echoes are not observed next to positions where the surface exhibits a stepup. This is explained by the weaker potential barrier which the surface electrons see at the bottom of a step. 7 While there should also be a small change in the tip height corresponding to each of the changes in surface state density, our room temperature instrument lacks the resolution to observe these in the topographical image. We also point out that the offaxis lighting used in Fig. 3͑b͒ to highlight the ''echoes'' tends to obscure those parts of these structures lying just to the left of a step-down in the image. However, such ''echoes'' are indeed present on the right-hand sides of the grains as is explicitly pointed out in Fig. 3͑c͒ by the vertical arrows. Finally, these features are observed with equal intensity in both forward and reverse scan directions and so cannot be due to current overshoot induced by the feedback loop.
In pioneering quantum confinement studies it was concluded by Heller et al. that Fe impurity atoms when placed in a ring on the ͑111͒ surface of the noble metals to form quantum corrals were ''black dots'' in that the Fe atoms reflected only 25% of the incident surface electron wave, transmitted 25% and scattered the remaining 50% of the wave into bulk states. 8 This analysis utilized measurements of the spatial and energy dependence of the local density of states of a confined two-dimensional electron gas system. Crampin and co-workers have also examined this confinement problem and find with their model that scattering into bulk states is much more important than tunneling through the corral walls in determining the widths of the confined levels. 11, 12 Harbury and Porod on the other hand have concluded that tunneling through the confinement wall into other surface states is the dominant line-broadening process. 13 To further test our surface state explanation for the BEEM contrast, and to examine the effect of impurity adatoms on normally unoccupied surface states, we have deposited submonolayer and monolayer level coverages of Co atoms onto Cu/Au/Si samples. Images from one such sample are shown in Fig. 4 . We find that the Co atoms first adhere preferentially to the top edges of the Cu steps and grain boundaries, forming incomplete rings of Co atoms around the spiral grain mesas. As more Co is deposited, these rings become complete, and then the Co grows inward to form a continuous coverage at a mean Co thickness of ϳ0.4 nm. Until the coverage is complete the Co covered areas can be distinguished from the Cu mesas in part by their different topography, as illustrated in Figs. 1͑a͒ and 4͑a͒ . The identity of the surface species is further confirmed by dI/dV measurements which show surface states on the mesas, indicating that they are Cu, but which show a lack of such states on the rings around the mesas, indicating they are Co surfaces which do not support surface states. Of course as the exposed Cu mesas grow smaller, the energy of the conduction band minima of the Cu surface state band shifts upwards due to quantum confinement, as illustrated in Fig. 4͑c͒ .
The strength of the BEEM signal when the STM tunnels to the uncovered Cu is unchanged by the presence of the surrounding Co, to ϳ10% accuracy, while I c for areas covered by Co is substantially attenuated, presumably due to the band-structure mismatch between Co and Cu. The lack of any significant increase in I c from the Co confinement leads us to conclude that the rings of Co atoms do not substantially increase the elastic coupling of these surface states into Cu bulk states that can propagate to the Si interface. We also note that the lack of enhanced BEEM current at the Cocovered steps and grain boundaries is fully consistent with the contrast, illustrated in Figs. 1 and 3 , being due to tunneling to a spatially varying density of surface states, and not simply to a tunneling geometry effect.
